Molecular self-assembly is employed for creating unidirectional molecular nanostructures on a truly insulating substrate, namely the (101 j 4) cleavage plane of calcite. The molecule used is racemic heptahelicene-2-carboxylic acid, which forms structures, well-aligned along the [010] crystallographic direction and stable at room temperature. Precise control of both molecule-substrate and molecule-molecule interaction is required, leading to the formation of such wire-like structures of well-defined width and lengths exceeding 100 nm. This subtle balance is governed by the heptahelicene-2-carboxylic acid used in this study, allowing for both hydrogen bond formation as well as π-π stacking.
Introduction
Fabricating electronic devices at the molecular scale is a promising strategy to overcome the physical limitations arising from further miniaturization of state-of-the-art silicon technology. 1 Building devices on the scale of single molecules provides the potential of improved efficiency, higher computational speed, and cost-effective production. 2 Two elementary structures are pivotal for the fabrication of future molecular electronic devices, namely molecular transistors 3 and wires in form of quasi onedimensional arrangements. 4 Several concepts for single-molecule transistors have already been developed, 3 and their switching capability has been demonstrated. 5 For bottom-up fabrication of molecular structures, the promising concept of self-assembly has attracted great attention. 6, 7 Especially on conducting and semiconducting surfaces, a large variety of structures ranging from quasi zero-dimensional structures 8 to complex network structures 9, 10 has been presented. In contrast, only little progress has been made so far on insulating substrates, although future molecular electronic applications will require nonconducting substrates. Very recently, the first promising results have been obtained on a truly insulating substrate, namely KBr(001). 4, [11] [12] [13] In these studies, an attempt has been made to form molecular wire-like structures, however, high molecular mobility has led to clustering at the step edges 4, 14 or the formation of structures of several tens of nanometers in width. 15 It has been demonstrated that the length can be controlled by employing Au nanoclusters as end-caps, however, both width and height of these molecular structures have remained less well controlled. 11, 12 Herein, we present the formation of unidirectional molecular structures self-assembled from heptahelicene-2-carboxylic acid ( [7] HCA). In contrast to the previous results on insulating surfaces, the wire-like structures observed here grow on bare terraces and are of well-defined width. We use racemic [7] HCA (enantiomeric excess of 0%), an equimolar mixture of (M)- [7] HCA and (P)- [7] HCA differing in helicity as depicted in Figure 1a .
The [7] HCA molecule was functionalized with a carboxylic acid moiety, influencing the intermolecular interaction and eventually the molecular order. The π-system, on the other hand, provides the potential for electric transport along several molecules. The transport along single helicene molecules has been studied theoretically, 16 demonstrating that by tuning the radius of the helix and the width of the helix ribbon, helicenes exhibit semiconducting or metallic behavior. Bare heptahelicenes ( [7] H) without a carboxylic acid moiety have been investigated before on different metal surfaces, namely Cu(111), [17] [18] [19] Cu(332), 18 Ni(100) 20 and Ni(111). 21 On the Cu surfaces, [7] H molecules bind via the three terminal phenyl rings to the substrate, with its helical axis nearly parallel to the surface normal. 18, 19 On Ni(100), by contrast, [7] H molecules within a saturated monolayer adsorb with their helical axis at an angle of 43 ( 5°with respect to the surface plane. 20 This geometry, identified by NEXAFS for Ni(100), is suggested but not confirmed for a closed monolayer on Ni(111). The underlying substrate in this study is the (101 j 4) cleavage plane of calcite, the most stable polymorph of calcium carbonate. As depicted in Figure 1b , the surface unit cell is rectangular with dimensions of 5.0 Å × 8.1 Å. The carbonate groups, two of which are located inside one unit cell, are rotated with respect to the surface normal and with respect to each other. This leads to a zigzag structure of the topmost oxygen atoms along the [-4-21] 
The (101 j 4) surface of calcite has been studied intensively under aqueous conditions because of its significant impact in many areas of both fundamental research and applied science ranging from biomineralization 22 through growth properties under molecular influences 23 to its abundant occurrence in natural oil resources. 24 Using noncontact atomic force microscopy (NC-AFM), which has been proven to be an indispensable tool for studying nonconducting surfaces with the highest precision, 25 direct imaging of the calcite (101 j 4) surface under ultrahigh vacuum (UHV) conditions is possible down to the atomic level, including the identification of single surface defects.
26

Methods
The calcite (101 j 4) surfaces were prepared in-vacuo by cleavage of a bulk crystal. 27 The crystals were of highest available quality from Korth Kristalle GmbH. Prior to cleavage, the crystals were degassed to 550 K for removing contaminants near the sample. After cleavage, the crystals were annealed for 1.5 h to 550 K to remove surface charges. The racemic [7] HCA was prepared from known [7] Helicen-2-ol, 28 whose synthesis relied on the triyne [2 + 2 + 2] cycloisomerization methodology we had developed earlier. [29] [30] [31] [32] Experimental procedures will be published separately as a part of a broader study on the synthesis of functionalized [7] Helicenes. It was characterized by spectroscopic methods ( 1 H and 13 C NMR, ESI and APCI MS). The [7] HCA sample was filled into a glass crucible with a thermocouple melted into the closed end and a filament wrapped around it. The sublimation temperature was identified by depositing molecules with the temperature of the crucible successively increasing.
All experiments were carried out in a UHV system with a base pressure below 10 -10 mbar, as described previously. 33 The NC-AFM experiments were performed with an Omicron (Taunusstein, Germany) VT AFM 25. The microscope was operated in the frequency modulated noncontact mode using an easyPLL Plus from Nanosurf (Liestal, Switzerland) for oscillation excitation and signal demodulation. 25, 34 We used doped silicon cantilevers of the PPP-NCH type from Nanosensors (Neuchâtel, Switzerland), which were sputtered by Ar + once after introduction into the UHV system. All of the presented images are raw data except for a plane subtraction applied to all of the topography data. The time needed for recording one image accounts to approximately 8.5 min.
The density functional theory (DFT) calculations presented here were conducted in the local density approximation (LDA) with a Ceperley Alder exchange correlation potential. 35 We applied the SIESTA code 36,37 using a mesh cutoff of 130 Ry and a double-zeta polarized basis set. 37 The core electrons are replaced by nonlocal norm-conserving Troullier-Martins pseudopotentials. 38 The pseudopotentials we used were generated by means of the atom program, which comes with the SIESTA package. For carbon and oxygen, we considered 2s and 2p orbitals, while 1s was placed in the frozen core. The cutoff radii for oxygen were 1.15 Bohr (2s and 2p) and 1.25 Bohr (2s and 2p) for carbon. The binding energies given were corrected for the basis set superposition error (BSSE) using the so-called counterpoise (CP)/ghost orbital approach.
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Results and Discussion
The [7] HCA molecules were sublimated onto the bare calcite surface kept at room temperature from a heated crucible. Figure  2 displays an overview image taken approximately 6 h after depositing the molecules. Within this image, single rows located on the calcite surface are clearly visible. All of the rows are aligned along the [010] direction. The mean length of the rows in this image is 47 nm with a standard deviation of 24 nm, reflecting the length distribution of the molecular rows as presented in the inset of Figure 2 . In contrast, the width of the rows is monodisperse and will be discussed later. The distribution of the rows on the surface is random apart from the alignment along the [010] direction. At room temperature, we never observed straight rows along another crystallographic direction. Furthermore, neither clustering nor island formation of the molecular rows was observed at this coverage of about one-quarter of a full monolayer. 41 Additionally, there is no indication of nucleation at the step edges of the calcite substrate. Two step edges are observed in Figure 2 as straight lines running through the entire image from top to bottom. As can be seen, the edges do not constitute nucleation sites for the growth of molecular rows.
The molecular rows shown here form at room temperature and do not require further treatment such as annealing at elevated temperatures. In the early stages of row formation, we do, however, observe a transient row structure, having a smaller width than the final molecular rows. Such transient rows can be seen in Figure 3 , taken ∼65 min after molecule sublimation. In this image, two different molecular row structures coexist, namely the molecular rows as identified in Figure 2 and, additionally, thinner rows which have approximately half of the previously observed width (a few of these thinner rows are marked by arrows). This observation together with the distances identified later indicate that the final molecular row structures are composed of molecular pairs. The formation of the unidirectional structures demonstrates that the mobility of the molecules at room temperature is sufficient to overcome the diffusion barrier on the surface. On the other hand, the intermolecular interaction strength is large enough to provide stable growth along the molecular row direction. When depositing the molecules onto the calcite substrate held at low temperatures (110 K), individual molecules are observed on the surface (not shown here), indicating that the molecules do not possess sufficient energy to overcome the diffusion barrier at 110 K. This allows for an estimation of a surface diffusion barrier in the range of 0.4 eV < E d < 1.0 eV. 42 Thus, the observed molecular rows represent a self-assembled structure 43 with the calcite (101 j 4) surface acting as a template, as all of the rows align along the [010] direction, exclusively.
In order to gain insights into the mechanism of molecular row formation, we performed high-resolution NC-AFM imaging, which reveals details of the molecular structure. Figure 4 presents a high-resolution image of an individual molecular row. In Figure 4a , the topography channel is shown, whereas Figure  4b represents the corresponding detuning signal. In both channels, an internal structure is clearly resolved. The doublerow structure visible in the topography channel (Figure 4a ) is formed by pairs of bright features. This is in good agreement with the above assumption; the final molecular rows are composed of molecular pairs. The protrusions within a pair are separated by 11 ( 3 Å, almost perpendicular to the row direction. The periodicity along the row direction can be determined very precisely, as the underlying calcite substrate structure is resolved simultaneously. In Figure 4b , several parallel white lines indicate the double unit cell repeat distance of 2 × 5 Å in the [010] direction, and therefore the periodicity along the double-row structure can unambiguously be identified to 10 Å.
Imaging highly protruding structures with NC-AFM involves numerous problems, including imaging the tip apex, 44 feedback instabilities and entering into the repulsive regime. 45 In Figure  4c and Figure 4d , line profiles taken from the topography (in Figure 4c ) and the detuning images (in Figure 4d) are presented, one taken along the row (red) and one perpendicular to the row (black). The same image point is indicated by arrows in all of the subfigures. The corrugation along the molecular row is in the order of 1 Å, whereas the imaged height of the row itself is about ∼7 Å with respect to the imaged surface. This height of 7 Å is somewhat smaller than what is expected for an upright standing molecule (about 11.5 Å when taking the van der Waals radii of an individual molecule), indicating that the upright standing molecules might form a tilt angle with respect to the surface normal. This behavior has been observed previously for heptahelicenes on Ni(100), 20 where the helical axis forms an angle of 43 ( 5°with respect to the surface plane. We want, however, to stress explicitly that the measured height represents a plane of identical strength of interaction, namely a plane of equal detuning. Thus, it does not necessarily coincide with the expected height derived from quantum chemical modeling.
Additionally, the appearance of the molecular row is asymmetric, as seen by the black curve in Figure 4c . This asymmetry holds for both the forward and the backward scan lines (not shown). As the molecular structure protrudes from the surface at least by 7 Å compared to the corrugation of the calcite substrate, many atoms of the tip apex can interact with the molecular row. Even for a relatively sharp tip, atoms that are several Ångströms away from the foremost tip atom can, thus, contribute to the measured interaction forces, resulting in the asymmetric appearance, which reflects the asymmetry of the tip apex. The double-row appearance of the molecular structure does, however, represent the true molecular structure. We carefully compared the data taken with a large number of different tips for confirming this point and for explicitly excluding the possibility of a double-tip artifact.
The [7] HCA used in this study consists of a racemic mixture of both (M) and (P) enantiomers, which are displayed as stick models in Figure 1a . The NC-AFM results indicate an upright standing geometry of the molecules with the helical axis roughly parallel to the [010] direction, but the molecules might be tilted with respect to the surface plane. This interpretation is in agreement with previous results for heptahelicene on Ni(100). 20 Furthermore, two-dimensional islands might be expected in the case of flat-lying [7] HCA (with the helical axis perpendicular to the surface plane as observed for heptahelicene on Cu(111) 18, 19 rather than the unidirectional rows of [7] HCA described here.
The upright geometry allows for π-π stacking of the molecules along the molecular row direction. Moreover, as we observe a transition of less stable single rows to molecular double rows, the molecules within the π-π stacked row seem to interact with another neighboring row. Considering the molecular structure, it can be readily assumed that the doublerow formation is due to the hydrogen bond formation between the carboxylic groups of neighboring [7] HCA molecules.
Possible structural models for such rows composed of molecular pairs are given in the upper part of Figure 5 . Owing to molecular chirality, two different kinds of molecular rows can be envisioned, namely homochiral (M),(M) and (P),(P) rows, comprising either (M) or (P) enantiomers exclusively, or heterochiral (M),(P) rows, containing both enantiomers within the double row. In our NC-AFM images, no differences were observed between the rows, suggesting that heterochiral rows are formed. However, based on the NC-AFM images alone, it is not possible to identify the internal structure clearly, leaving the possibility that existing differences in the case of homochiral double-row formation remain undiscovered, although many high-resolution data of different molecular rows were carefully compared.
In order to obtain basic insights into the organization of [7] HCA on the calcite surface leading to the row formation, we performed density functional theory (DFT) calculations. As the large size of the surface system with the molecules on top constitutes a challenging task for DFT, we employed several simplifications. All the calculations were performed with the [7] HCA molecules in-vacuo, thus in the absence of the calcite surface.
In the first step, we relaxed the geometry of an individual molecule by minimizing all the forces to less than 0.01 eV/Å. Second, we calculated the interaction potential of two such relaxed molecules in dependence on the molecule-molecule distance, as shown in Figure 5a . Based on this calculation, we obtained a binding energy of about 0.09 eV at an optimum distance of 8 Å for a single row. Furthermore, we calculated the distance-dependent potential for a homo-and a heterochiral molecular double row as shown in Figure 5 , panels b and c. For this calculation, we started with two molecules (either homoor heterochiral) forming hydrogen bonds between the carboxylic groups and relaxed the molecular pair. After obtaining the optimized pair geometry, the distance-dependent potential was calculated by varying the pair-pair distance of two pairs (without further relaxation of the individual pairs). As can be seen, the binding energy is about 0.27 eV per pair for the homochiral double row at an optimum distance of 7.3 Å. For the heterochiral pair we obtain a binding energy of about 0.32 eV and a distance of about 7.3 Å.
The energy difference between the homo-and heterochiral pairs obtained here is too small to be taken literally. This is especially true when considering the simplification made by omitting the substrate surface. Furthermore, DFT calculations do not describe systematically the dispersion forces contributing to the π-π interactions. [46] [47] [48] [49] [50] Fortunately, the local-density approximation (LDA) to the DFT exchange-correlation functional often yields binding energies and distances of weakly interacting objects in reasonable agreement with more elaborate approaches and with experiments. [51] [52] [53] Therefore, the calculated data do strongly support the above-drawn conclusion of upright standing molecules forming rows by π-π stacking of the aromatic rings. Moreover, the calculations indicate that single molecular rows with a binding energy of only 0.09 eV remain unstable at room temperature, while the formation of heterochiral, molecular double-rows with a binding energy of 0.32 eV seems plausible. This calculated binding energy is relatively small; however, absolute energy values are calculated with rather large error for the reasons discussed above.
Finally, the binding distances obtained from DFT suggest an optimum distance of about 7.3 Å somewhat smaller than the observed periodicity of 10 Å. This difference can be understood by considering a possible tilted alignment of the molecules. Upon tilting the main molecular axis about 43°w ith respect to the surface plane, the intermolecular distance measured parallel to the helical axes is decreased from initially 10 to 7.3 Å. At the same time, the height of the molecule is reduced from approximately 11.5 to 8.4 Å, which is rather close to the experimentally observed molecular height.
Conclusion
In conclusion, we present the self-assembly of unidirectional molecular structures of racemic [7] HCA on a truly insulating substrate, namely calcite. The molecular rows do not require nucleation sites such as step edges but form on the bare terraces. High-resolution NC-AFM images reveal insights into the molecular geometry, indicating molecular rows formed by upright-standing pairs of [7] HCA molecules with their helical axis tilted with respect to the surface plane. This configuration can be readily understood by π-π stacking of the molecules within a row and hydrogen bond formation to the neighboring rows. Ab-initio calculations elucidated the detailed geometry and support the assumption of tilted molecules.
This study demonstrates that choosing properly functionalized molecules enables self-assembly of molecular wirelike structures even on insulating surfaces, where high molecular mobility has so far hampered self-assembly of tailor-made molecular structures.
